Introduct ion
Thermoluminescence dosimetry (TLD) is often thought to be a recently developed replacement for or supplement to film dosimetry. In fact, the association between radiation and thermoluminescence has been known for 85 years1 and much of the basic research which underlies today's applications was performed in the 1950's2'3 . Early applications of TLD centered around medical and personnel dosimetry; only since the 1960's has TLD been applied to environmental measurements. A number of the early, innovative applications of environmental TLD has been reviewed recently 4. Nuclear facility environmental monitoring with TLD 
Intercomparison Procedures
For each set of dosimeters to be tested in the intercomparisons, each participant sends several pairs of dosimeters to the test location. One pair is designated as "control", one as "field", and the third and sometimes fourth pairs as "laboratory". Upon receipt at the test site, the dosimeters are stored in a low background radiation shield until the beginning of the field test period.
At that time the "field" dosimeters are recovered from the storage shield and deployed in close physical proximity in a uniform environmental radiation field.
Both natural (1st, 2nd, 4th, 5th) and artificially enhanced (pilot, 3rd) environmental radiation fields have been ut ilized .
Usually a field exposure period of three months has been used but occasionally a shorter period is employed.
Except for the pilot study, high pressure ionization chambers have been operated at the field site for the entire duration of the field exposure to give an independent assessment of the field exposure.
During the field cycle the laboratory dosimeters are removed briefly from the shield and exposed to known but unrevealed amounts of radiation from cobalt-60, cesium-137, or radium-226. The laboratory exposure occurred at approximately the middle of the field cycle except for the fifth intercomparison where laboratory exposures were made both at the beginning and end of the field cycle. In all but the pilot study, control dosimeters were used to isolate the delivered exposures from those acquired during transit and storage.
The results of the intercomparisons have been analyzed statistically and a number of factors contributing to systematic and random error has been identified. These studies enable an assessment of the state-of-the-art of TL dosimetry mainly by the dispersion of the results and correlation of the results with variables such as TL material, reader and calibration procedures. General Eighteen commercial and at least 20 different non-commercial types of readers have been used in the intercomparison program, suggesting a widespread capability for reading the fairly low levels associated with environmental dosimetry.
The intercomparison results are indicative of the capability of TLD systems to measure environmental radiation. Figure 1 shows the distribution, mean, median and standard deviation for the field and both laboratory exposures for the fourth intercomparison .2.
The delivered laboratory exposures and independently measured field exposures are illustrated for comparison. Two levels of laboratory exposure were used to help determine if previously observed differences in dispersion of the results could be related to exposure level, to differences between field and laboratory conditions, or to improved performance.
These data on dispersion are combined with data from the previous intercomparisons and are presented in Figure 2 .
These results strongly suggest that the dispersion is related to the exposure level. The only point not lying on the smooth curve is the value for the field exposure at Oak Ridge which involved an artificially enhanced source with a large, low-energy photon component which may have caused unusual response problems.
Special Problems in Environmental Dosimetry
The intercomparison data have been useful for illustrating some of the special problems of environmental dosimetry. The In the third intercomparison where the background was supplemented with low energy photons, the uncompensated calcium-based dosimeters overresponded (relative to the estimated delivered exposure) by a factor of two.
Dosimeters comprised of lower atomic number TLD material as well as the energy compensated calcium-based dosimeters gave a mean response quite close to the estimated delivered exposure.
There is no assurance that nuclear facility contributions to environmental radiation fields will closely match the spectral characteristics of natural radiation. In fact, the experience at Three Mile Island indicated quite the contrary. Xenon-133 with primary photons of 30 and 80 keV contributed most of the dose30. For this reason, uncompensated calcium-based TLDs should not be used alone in environmental dosimeters unless there is assurance that the energy spectra to which they will be exposed are well-known. Use of properly filtered calcium-based TLD material can eliminate the overresponse but will typically produce an underresponse below about 60-80 keV.
Use of uncompensated, calcium-based TLDs together with a flatter-responding material such as LiF or a filtered calcium-based TLD can provide a crude spectrometer which can give an indication of the spectrum to which the dosimeter was exposed.
Calibration Techniques: In the intercomparisons, both the calibration isotope used and the method of calibration seemed to affect the results. Most of the participants used either radium-226, cesium-137 or cobalt-60 in approximately equal numbers. Differences in the results as a function of isotope were apparent with users of radium-226 report ing lower average results than the users of cesium-137 who in turn reported lower average results than the users of cobalt-60. The users of cobalt-60 agreed most closely with the delivered exposure. This phenomenon appeared only in the laboratory exposed dosimeters and has persisted in all the intercomparisons.
The intercomparison data by themselves are insufficient to explain this problem.
Calibration of environmental dosimeters is performed in one of two ways.
In one technique a calibrated instrument (preferably traceable to NBS) is used to measure the exposure rate in some small volume in a radiation field. Then a dosimeter is substituted for the instrument for an appropriate length of time to achieve the desired exposure.
In another approach a source of known strength (preferably traceable to NBS) is arranged with the calibration dosimeters in an approximation of free air geometry. The calibration exposure is then calculated using the known source strength, the gamma ray constant of the source, the inverse square law and the exposure time.
The intercomparison results have consistently shown that the standard deviation of the results from those laboratories which use a measured calibration exposure is smaller by approximately a factor of two than the standard deviation of the results from laboratories which calculate their calibration exposures. A possible explanation is that factors such as scatter, air attenuation and the effect of source encapsulation and support are inadequately accounted for in the calculation of calibration exposure. Based on these results it can be strongly recommended that calibration exposures be measured directly rather than calculated from source strengths.
Temperature Related Effects: Temperature affects both the sensitivity of TLD material and the rate of loss of TL signal. No direct measure of the effects of temperature on TLD performance has been made in the intercomparison programs but the effect of packaging on internal temperatures was investigated during the third intercomparison28 . Selected participants were asked to provide a dosimeter with the TLD material missing. Thermocouples were inserted in the normal TLD location and the dosimeters exposed to the environment. The results demonstrated the expected result that during sunny periods the white or metallic surfaced dosimeters achieved much lower maximum internal temperatures than the darker colored dosimeters.
Internal temperatures in one black dosimeter exceeded the ambient air temperature by as much as 22 3. In general, the dosimeters at TMI were not deployed in accordance with the ANSI Standard. Instead of being deployed at 1 meter above ground, many were deployed at 3 meters. Several were also deployed near large masonry and wooden objects which presumably perturbed the radiation field.
4. The dosimeters were not prepared to cope with the low energy radiation produced by the fission products released as a result of the accident.
After-the-fact energy calibrations had to be made in order to correctly estimate doses.
5.
The 6. During the course of the accident, dosimeters were exchanged frequently, in some cases daily, apparently in an effort to monitor the progress of the off-site dose. In the process of deployment and collection the dosimeters often spent nearly as much time riding around in a vehicle as they did on their stations. This undoubtedly led to error in the dose ascribed to the stations. In any hypothetical future accident, if it is planned to exchange dosimeters frequently, consideration should be given to leaving one dosimeter at each station during the entire course of the accident to help produce a more credible total record of the dose due to an accident.
Conclus ion
In spite of the limitations mentioned above, the environmental dosimeter network at TMI provided, in the final analysis, the best data on which to base a population dose estimate 3
With improvement in the quality and numbers of dosimeters deployed as well as in deployment schemes, we can expect environmental dosimeters to do an excellent job of documenting environmental exposures due to sufficiently large unintentional releases of radioactivity from nuclear facilities. It is unlikely that environmental dosimeters alone will ever be able to provide other than "less than" data for normally operating facilities which cause an increase of only a few mR per year in the environment.
This inability is related to the difficulty of determining a precise background rather than to inherent limitations in TLD systems.
